Chlorine dioxide (OClO) is an important indicator for Cl-activation. The monitoring of OClO appears to be crucial for understanding the chemistry of Cl-initialed oxidation and its impact on air quality in polluted coastal regions and industrialized areas. We report the development of a Xe arc lamp based near-ultraviolet (335−375 nm) incoherent broadband cavity enhanced absorption spectroscopy (IBBCEAS) spectrometer for quantitative assessment of OClO in an atmospheric simulation chamber. The important intermediate compound CH 2 O, and other key atmospheric trace species (NO 2 ) were also simultaneously measured. The instrumental performance shows a strong potential of this kind of IBBCEAS instrument for field and laboratory studies of atmospheric halogen chemistry.
I. INTRODUCTION
The Cl atom, because of its high reactivity with volatile organic compounds (VOCs) as well as ozone (O 3 ), plays a significant role in the oxidative chemistry of the troposphere. For instance, the reaction rate coefficients of most alkanes with Cl-atoms is one to two orders larger than that with OH radical [1, 2] . It is demonstrated that Cl acts as an organic oxidant in coastal and industrialized areas. At dawn, Cl-initiated oxidation of VOCs is estimated to be comparable with that initiated by OH [3] . A major focus of research on the magnitude and sources of Cl atom were reported in recent years [2, 4] .
Chlorine dioxide (OClO) is an important indicator for Cl-activation [5] . The monitoring of OClO appears to be crucial for understanding the chemistry of Clinitialed oxidation and the important consequences for air quality in polluted coastal regions and industrialized areas. UV-Vis spectroscopy method is most often employed to measure OClO, such as satellite measurement [5, 6] and ground based long-path differential optical absorption spectroscopy (LP-DOAS) [7] . However, satellite measurements have a limited temporal resolution and are not sensitive for the lower troposphere [8] . In LP-DOAS measurements, long base length (between emitting and receiving units) ranging from some hundreds of meters to several kilometers are usually used to reach the necessary detection sensitivity [7] in combination with long averaging time, apart from the difficulty in optical alignment, short length-scale and short timescale mixing ratio variation are not observable. Development of new spectroscopic technique for OClO detection with high spatial and temporal resolutions is highly desiderated for study of degradation mechanisms of atmospheric relevant organic compounds and the stratospheric ozone depletion.
In this work, we study the development of a near-UV incoherent broadband cavity enhanced absorption spectroscopy (IBBCEAS) setup based on a short arc Xe lamp source operating in the spectral range between 335 and 375 nm at room temperature. IBBCEAS based on utilization of high finesse optical cavity, firstly proposed by Fiedler et al. [9] , has been demonstrated as a viable alternative to cavity ring down spectroscopy (CRDS) to achieve several kilometers long optical path length based on a base length of ∼1 m, which provides a useful tool for trace species concentration measurements with high spatial and temporal resolutions. Coupled with broad band light sources, such as Xe arc lamp [9, 10] , light emitting diode (LED) [11, 12] or supercontinuum source [13] , IBBCEAS permits for simultaneous multispecies measurements of key atmospheric trace gases, SO 2 , and CHOCHO [14−16] .
In the present work, quantitative assessment of OClO in a simulation chamber using IBBCEAS technique was demonstrated for the first time, to the knowledge of the authors. Formaldehyde (CH 2 O), important intermediate compound in the degradation of VOCs in the troposphere, and other key atmospheric trace species (NO 2 and HONO) were also simultaneously detected. The instrumental performance of the present IBBCEAS system shows a strong potential for field and laboratory studies of atmospheric halogen chemistry.
II. EXPERIMENTS
A. IBBCEAS spectrometer A scheme of the developed IBBCEAS setup is shown in Fig.1(a) . Broadband radiation is provided by a shortarc Xe lamp (Osram XBO 150 W/4) source with a F/1.5 single element fused silica condenser (Newport 66906). Intensity variations in the lamp output were typically <0.3% (1σ) during the measurements in the present work. Light from the incoherent Xe arc lamp passed through a telescope, which consisted of two 25 mm diameter lens (f 1 =50 mm and f 2 =75 mm), and focused at the centre of a high finesse optical cavity.
In order to avoid CCD detector saturation at the edges of high reflectivity range of the cavity mirrors, two band-pass filters, Schott UG11 (270−380 nm) and Semrock FF01-357/44-25 (335−380 nm), were placed between the telescope and the optical cavity to well block the lamp light radiation out of the cavity mirror's reflectivity band. The optical cavity was made of a 102 cm long quartz tube with an inner diameter of 25 mm, closed with two highly reflective mirrors (Layertec GmbH, 25 mm diameter, 1 m radius of curvature, R>99.9% between 340−370 nm). The cavity mirrors were purged with pure N 2 during experiments (0.1 L/min at each mirror). The effective optical cavity length for sample absorption was 70 cm. Gaseous sample was continuously flowed through the cavity cell at atmospheric pressure with a flow rate of 1 L/min. The stability of the pressure in the cavity, monitored by a pressure gauge, was better than 10 Pa. Light emerging from the cavity was collimated with a 25 mm diameter achromatic lens (f 3 =50 mm) and then focused into a spectrograph (Ocean optics Maya 2000 Pro). The spectrograph was configured to work in the spectral range of 240.3−695.9 nm with a spectrum resolution of 0.4 nm (using a slit width of 10 µm).
B. Atmospheric simulation chamber
The Cl atom initiated photooxidation experiment was performed by UV-irradiation of Cl 2 /toluene/NO/air mixtures (initial concentrations: 2 ppmv toluene, 4 ppmv Cl 2 , and 2 ppmv NO) in a 850 L sealed collapsible simulation chamber ( Fig.1(b) ) [17] . The chamber was made of FEP Teflon film bag, and housed inside an aluminum enclosure. The Teflon bag was surrounded by 12 fluorescent black lamps used as photolysis light and to initiate the reactions. The power of each lamp was 40 W (specified by the manufacturer) and the wavelength range of the UV radiation was 300−400 nm (measured with a CCD spectrograph). Prior to the beginning of each experiment, the chamber was continuously flushed with particle free zero air from an air purification system (Thermo 111). Temperature and humidity in the chamber were measured with a temperature and humidity sensor (Vaisala HMT333). The gas phase substances were monitored with an ozone analyzer (Thermo 49i), a NO x analyzer (Thermo 42i) and a gas chromatograph combined with a flame ionization detector (GC-FID, Agilent 7820A). In all experiments, the relative humidity was in the range of 65%−70% at a temperature of 300±2 K.
III. SPECTROMETER CHARACTERIZATION A. Determination of cavity mirror reflectivity
Based on the measurements of the light intensities transmitted through a high finesse optical cavity, the optical extinction coefficient α(λ) due to the sample present inside the cavity can be expressed as [16] :
where R is the mirror reflectivity, d is the length in which the absorber is present in the cavity, α Ray (λ) and α Mie (λ) are the Rayleigh and Mie scattering coefficients, and I 0 (λ) and I(λ) are the light intensities transmitted through the cavity without and with absorbing species, respectively. For quantitative analysis, the mirror reflectivity has to be experimentally determined, which can be performed by: (i) measurement of the cavity-ring down time or phase shift [18] , (ii) measurement of absorption spectrum of an absorber with known concentration and known absorption cross-section [11, 12, 19, 20] , or (iii) addition of gases with different Rayleigh cross-section [16] . In the present work, the mirror reflectivity was calibrated using the 3rd method. The spectral profile of the mirror reflectivity was deduced from the difference in the transmitted intensities of N 2 and CO 2 (or N 2 and SF 6 ) related to Rayleigh scattering.
The advantage of this method is that the Rayleigh extinction varies slowly with wavelength and provides a smooth mirror reflectivity spectrum over the whole working spectral region [10, 16] . The cavity was flushed with N 2 , CO 2 , and SF 6 at 1 L/min rate for half an hour for each species before the measurements of its scattering spectra, until the transmitted light intensity attained a stable value. The Rayleigh cross-sections used for the mirror reflectivity calculation were reported by Naus and Ubachs [21] , Sneep and Ubachs [22] , with an experimental uncertainty of 1% for N 2 , 4% for CO 2 and 3% for SF 6 . The mean uncertainty of the determined (1−R) by SF 6 and CO 2 are 1.7% and 3.0%, respectively. The mirror reflectivity was found to be about 99.94%, which corresponds to an effective absorption path length of ∼1.17 km (d=70 cm).
B. Trace gases concentrations retrieval
The trace gas concentrations were retrieved using a script mode of the spectroscopic software DOASIS [23] using the following equation:
where n i is the number density and σ i is the absorption cross-section for the ith absorber. s i and t i are the shift and stretch coefficients for each absorber in order to reconstruct an accurate wavelength calibration. Polynomial offset P (λ), varying from linear to 4th order, was used to account for baseline variation due to Rayleigh and Mie scattering, and unspecified background change in the spectra related to unstable lamp emission or unstable dark current variation in the CCD spectrometer. Considering the good stability of our system, a linearly polynomial offset was used for the data retrieval. The 2σ detection sensitivity (signal-to-noise ratio, SNR=2) was estimated by dividing the 2σ standard deviation (SD) in the broadband fitted residual spectrum of interests (in cm −1 ) by the absorption cross-section (in cm 2 /molecule) [15] .
C. Performance evaluation of the spectrometer
The Rayleigh scattering method permits for determination of a smooth mirror reflectivity spectrum over the working wavelength region. However, the extinction by Rayleigh scattering is relatively small and susceptible to be perturbed by the variation of lamp intensity. In order to remedy this potential error and check the determined mirror reflectivity, absorption spectrum of O 2 dimer in pure O 2 was recorded. As O 2 -O 2 dimer is stable, the absorption spectrum of O 2 -O 2 can thus be used as a convenient standard reference for absolute determination of the cavity mirror. The mirror reflectivity curve determined by Rayleigh scattering method was scaled to the absolute reflectivity value according to the absorption spectrum of oxygen collisional pair O 2 -O 2 with known concentration. In the experiment, pure oxygen was introduced into the cavity at a flow rate of 1 L/min. Figure 2 shows an IBBCEAS spectrum of the O 2 dimer at 101 kPa between 340−370 nm. The experimental extinction coefficient was fitted (Eq. (2)) to the reference O 2 -O 2 cross section [24] using the spectroscopic software DOASIS. The volume mixing ratio of oxygen collisional pair to oxygen of 0.988±0.011, retrieved from the absorption spectrum, agreed well with the theory result, which confirmed the accuracy of the mirror reflectivity determined by the Rayleigh scattering approach. A 1σ minimal detectable extinction coefficient of 9.8×10 −9 cm −1 was deduced from the standard deviation of the residuals between the measured and the fitted absorption coefficient of O 2 -O 2 . In order to characterize the linearity of the system response and its detection limit, concentrations of dilution NO 2 were measured over a large range from 2 ppbv to 400 ppbv. NO 2 samples at different concentrations were generated by mixing pure NO 2 with dry N 2 to ppmv level and then further diluted with dry zero air (Thermo Zero Air Supply, Model 111) to ppbv level. Different mixing ratios were achieved by varying the flow rates of NO 2 and zero air through two mass flow controllers. N 2 and NO 2 were continuously flowed through the cavity at atmospheric pressure with a flow rate of 1 L/min. The output flow from the cavity was split into two parts. One flow (∼0.6 L/min) was directed to a commercial NO x analyzer (Thermo 42i) for NO 2 concentration measurements, used for comparison with the result from the IBBCEAS measurements. The second flow was filtered and then pumped to outside. For a demonstration of simultaneous measurement of NO 2 and HONO, the zero air was humidified with a Nafion tube (Perma Pure ) to form HONO by heterogeneous reaction of NO 2 with water on the surface of the experimental systems [25] : Figure 3 shows a fit result of a typical IBBCEAS spectrum of HONO and NO 2 measured with a total acquisition time of 64 s (integration time: 1.6 s, spectra averaging: 40). The used cross sections of NO 2 and HONO were from Bogumil et al. [26] and Bongartz et al. [27] . As shown in Fig.3 , the NO 2 and HONO concentrations retrieved from the spectrum were 62.7±2.8 and 17.0±0.7 ppbv (the 1σ statistical error of the spectral fit (2.8 and 0.7 ppbv) are merely a measure for the quality of the fit). The RMS of the fits of the spectra was 2.08×10 −8 cm −1 , which corresponding to a 2σ detection limit of 4 and 14 ppbv for HONO and NO 2 respectively. Figure 4 shows the result of the IBBCEAS measurements of NO 2 samples with concentrations varying from 2 ppbv to 400 ppbv, in comparison with the results obtained from the commercial NO x analyzer. A linear relationship between two measurement results was observed over a wide range of NO 2 concentrations, with a slope of 1.005 and a R 2 value of 0.998 (Fig.4(b) ). 
IV. OCLO MEASUREMENT IN AN ATMOSPHERIC SIMULATION CHAMBER
In the troposphere, toluene can be transformed by gas-phase reactions with Cl atom via H-atom abstraction reaction. As shown in Fig.5 , following the initial H-atom abstraction process by Cl atoms, the oxygen molecule adds to the radical to form the benzyl peroxy radicals which can react with atomic Cl to form benzaldehyde and ClO radical. In the presence of NO, benzyl peroxy radicals may react with NO to form the corresponding alkoxy radical, oxygen can abstract a hydrogen atom from the alkoxy radical to form benzaldehyde and HO 2 radical. HO 2 radical can further react with ClO radical, leading to the formation of OClO and OH radicals. Also, benzyl alkoxy radical may crack to form benzyl radical and formaldehyde, as shown in Fig.5 [17, 28] .
In the present work, OClO and CH 2 O samples were produced from UV-irradiation of toluene/Cl 2 /NO/air mixture in a 850 L atmospheric simulation chamber. Prior to the experiment, the chamber was continuously flushed with purified laboratory compressed air for 40 min. Toluene (C 7 H 8 ) was injected into a 250 mL glass sampling bulb which wrapped in a temperature controlled heater (50−300
• C). The evaporated C 7 H 8 gas was then introduced into the chamber by flushed zero air. When the toluene was homogeneously mixed with air in the chamber, NO and Cl 2 were introduced into the simulation chamber. Then the chamber was filled with zero air to nearly full. Waiting for a few minutes, four black lamps were turned on to initiate the photooxidation reaction. Cl atoms will be generated by the photolysis of Cl 2 in air at wavelengths longer than 300 nm [29] :
A Teflon tube was connected from the chamber to the IBBCEAS setup for gas sampling. The Teflon tube was as short as possible to minimize wall loss of the sample. The measurements of the mixtures in the photochemical reaction system with IBBCEAS were carried out according to the following procedure. (i) Measurement of a "dark" spectrum without any light source for the dark current correction of the spectrometer. (ii) Zero air was flowed through the cavity cell for the acquisition of I 0 (λ), required as reference lamp spectrum without absorbing species. (iii) Measurement of a spectrum with the absorbers in the IBBCEAS cell, required as I(λ). The gases mixtures were sampled directly from the photoreaction chamber. (iv) Measurement of a spectrum of zero air without any absorber in the IBBCEAS cell, required as I 0 (λ), in order to monitor the drifts in the lamp reference spectrum.
Given mirror reflectivity R(λ) was known, the absorption coefficient of the gases mixture could be deduced from Eq.(1) and Eq. (2) with I 0 (λ) and I(λ). A typical spectral measurement of NO 2 , CH 2 O, and OClO are given in Fig.6 . The absorber concentrations were retrieved from the measured broadband IB-BCEAS spectrum via a nonlinear least square fits to the measured absorption coefficient by Eq.(2). The retrieved concentrations were 488.0±76.5, 791.0±172.0, and 4.7±0.7 ppbv for NO 2 , CH 2 O, and OClO, respec- tively. The cross sections of CH 2 O and OClO used here were reported by Meller and Moortgat [30] and Bogumil et al. [26] . The 2σ standard deviation of the fit residual in Fig.6 was 7 .2×10 −7 cm −1 , which corresponded to a 2σ detection limit of 206 ppbv for NO 2 , 524 ppbv for CH 2 O, and 2.5 ppbv for OClO respectively. The absorption cross-sections used for determining the detection limit is shown in Table I .
It can be seen that the detection sensitivity is approximately 16 times lower than that obtained in particle free sample (Fig.3) . This may be explained by the aerosol extinction effect [20] . A PTFE filter would be used in the future to minimize the effects of secondary organic aerosol (SOA). The photooxidation process is rather complicated, some unknown species and the unstructured absorption of SOA and the gas products, may unexpectedly contribute to the extinction in measured spectra (like X absorber exhibiting unidentifiable big absorption peak at 348 nm in Fig.6 ).
V. CONCLUSION
We reported the application of a near-UV IBBCEAS setup to simultaneous measurement of NO 2 , CH 2 O, and OClO in a Cl-initated photooxidation experiment in a simulation chamber. The performance of the IBBCEAS system was evaluated by simultaneous concentration measurement of NO 2 and HONO. The NO 2 measurement by IBBCEAS was compared with a commercial NO x analyzer. Our experiments of the first application of IBBCEAS to OClO detection show its potential for laboratory application to atmospheric halogen chemistry research. The measurement sensitivity of the present IBBCEAS system could be further improved: (i) injecting more photons into the cavity by either using a higher optical power source, efficient light coupling and an well adapted filter bandwidth, (ii) using higher reflectivity mirrors, (iii) employing high performance thermoelectric cooled CCD detector to further lower the detector noise. With further improvements, a detection sensitivity of 1×10 −9 cm −1 could be achievable, which is corresponding to a 2σ detection limit of 4 ppbv of OClO. 
